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INTRODUCTION

Amphibians worldwide are threatened by the dis-
ease chytridiomycosis, which is caused by the fun-
gal pathogen Batrachochytrium dendrobatidis (Bd)
(Hoffmann et al. 2010, Fisher et al. 2012). This
pathogen is linked to the declines and extinctions of
numerous amphibian species (Wake & Vredenburg
2008, Fisher et al. 2009, Crawford et al. 2010). It is
critical to be able to detect the presence of Bd with
high sensitivity to accurately determine the patho-

gen’s distribution and to track disease dyna mics.
This will be especially important when infection
intensities are expected to be low, which occurs (1)
where environmental conditions for Bd are not opti-
mal such as lowland tropical areas (Re bollar et al.
2014), (2) in resistant species, such as some species
in North America (e.g. Rothermel et al. 2008), and
(3) at the early onset of Bd’s arrival in naïve areas.
Early detection of emergence in naïve areas is cru-
cial in order to quickly implement disease mitigation
tactics.
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ABSTRACT: Chytridiomycosis, caused by the fungal pathogen Batrachochytrium dendrobatidis
(Bd), is responsible for massive declines and extinctions of amphibians worldwide. The most com-
mon method for detecting Bd is quantitative polymerase chain reaction (qPCR). qPCR is a highly
sensitive detection technique, but its ability to determine the presence and accurately quantify the
amount of Bd is also contingent on the efficiency of the DNA extraction method used prior to PCR.
Using qPCR, we compared the extraction efficiency of 3 different extraction methods commonly
used for Bd detection across a range of zoospore quantities: PrepMan Ultra Reagent, Qiagen
DNeasy Blood and Tissue Kit, and Mobio PowerSoil DNA Isolation Kit. We show that not all extrac-
tion methods led to successful detection of Bd for the low zoospore quantities and that there was
variation in the estimated zoospore equivalents among the methods, which demonstrates that
these methods have different extraction efficiencies. These results highlight the importance of con-
sidering the extraction method when comparing across studies. The Qiagen DNeasy kit had the
highest efficiency. We also show that replicated estimates of less than 1 zoospore can result from
known zoospore concentrations; therefore, such results should be considered when obtained from
field data. Additionally, we discuss the implications of our findings for interpreting previous studies
and for conducting future Bd surveys. It is imperative to use the most efficient DNA extraction
method in tandem with the highly sensitive qPCR technique in order to accurately diagnose the
presence of Bd as well as other pathogens.
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The methods for detecting Bd have progressed
from histology to traditional PCR (Annis et al. 2004)
to quantitative PCR (qPCR) (Boyle et al. 2004) within
the last 15 yr. The ability to determine the presence
of Bd and to estimate its abundance on individuals
depends on DNA extraction efficiency (i.e. the ability
to extract the DNA present in the sample) and PCR
sensitivity (i.e. the ability to amplify the DNA tem-
plates present in the extract). Detection is also con-
tingent on the ability of the extraction method to
purify samples and remove enzyme inhibitors. In
recent years, qPCR has been the method of choice
and has been shown to be a highly sensitive tech-
nique (Boyle et al. 2004); however, the efficiency of
the DNA extraction method has not been evaluated
for the common extraction methods used for Bd
detection. It is essential to choose the extraction
method with the highest efficiency in order to accu-
rately determine the presence and intensity of the
chytrid fungus. Low extraction efficiency could result
in false negatives, which could have important con-
sequences for amphibian conservation and disease
mitigation decisions when Bd arrives in an area with
susceptible amphibian species.

Several different methods, including PrepMan
Ultra Reagent, Qiagen DNeasy Blood and Tissue Kit,
and Mobio PowerSoil DNA Isolation Kit, are com-
monly used for Bd detection. PrepMan Ultra Reagent
with the addition of zirconium beads, which was
 suggested by Boyle et al. (2004) for amphibian swab
detection of Bd, has been a common method of
choice due to its cost effectiveness and ease of use
(Kriger & Hero 2007, Duncan Pullen et al. 2010,
Searle et al. 2011, Swei et al. 2011, Vredenburg et al.
2012). The Qiagen DNeasy Blood and Tissue Kit has
also been used because it minimizes the potential for
PCR inhibition (Harris et al. 2009, Cheng et al. 2011,
Muletz et al. 2012, Rasmussen et al. 2012, Chatfield
et al. 2013, Rebollar et al. 2014). Recently this method
was found to have the best balance of inhibition
removal and cost effectiveness (Kosch & Summers
2013). Researchers also interested in microbial com-
munities on amphibian skin or environmental sam-
ples have chosen to use Mobio kits including the
Ultra Clean Microbial DNA Isolation Kit and Power-
Soil DNA Isolation Kit because they are very effec-
tive at removing PCR inhibitors (Kirshtein et al. 2007,
McKenzie et al. 2012).

Here we compared the efficiency of 3 DNA extrac-
tion methods by evaluating the detection (presence/
absence) and intensity (estimated zoospore equiva-
lents) of Bd, through the use of qPCR. In addition, we
discuss the implications of our findings for diagnos-

ing the presence of the pathogen and make recom-
mendations on the best detection techniques.

MATERIALS AND METHODS

Harvesting and quantifying zoospores

Bd strain JEL 423, an isolate collected from an indi-
vidual lemur frog (Agalychnis lemur) in Panama, was
cultured and maintained on 1% tryptone agar plates.
After 4 d, zoospores were harvested by flooding the
culture plate with sterile deionized water and incu-
bating the plate at room temperature (RT) for 5 min.
After incubation, the liquid was removed using a
sterile pipet and filtered through a sterile coffee filter
to remove sporangia. The zoospore concentration
was determined using a hemocytometer and averag-
ing 3 replicate counts.

Extraction methods

Samples of 4 different zoospore quantities (re -
ferred to as ‘zoospore levels’ hereafter) were pre-
pared from the zoospore solution. The total zoospore
quantity in these 4 levels was 1000, 100, 10, and
1 zoospore. Each zoospore level was extracted 6
times with each tested extraction method, and 2 neg-
ative controls were extracted with each method. One
of the negative controls included the deionized water
used to harvest zoospores and the second included
the nuclease-free water used to make the zoospore
dilutions.

Three different extraction methods were tested: (1)
PrepMan Ultra Reagent + Zirconium Beads, (2) Qia-
gen DNeasy Blood and Tissue Kit, and (3) Mobio
PowerSoil DNA Isolation Kit. The PrepMan Ultra+
Zirconium Beads procedure originally des cri bed by
Boyle et al. (2004) was performed in 2 ways: (1) using
50 µl of PrepMan Ultra reagent and 30 mg zirconium
beads as used by Hyatt et al. (2007) (referred to as
PrepMan-50 hereafter) and (2) using 100 µl of Prep-
Man Ultra reagent and 60 mg zirconium beads
(referred to as PrepMan-100 hereafter). The Prep-
Man-100 extraction was performed to make the
extraction volume equivalent to that of the final elu-
tion step in the Mobio and Qiagen procedures. After
extraction with PrepMan Ultra, a 1:10 dilution was
made with an aliquot of the DNA extract, as this is
commonly done to reduce PCR inhibition (e.g. Boyle
et al. 2004, Woodhams et al. 2012a,b, Canestrelli et
al. 2013, Rosa et al. 2013). The Mobio PowerSoil DNA
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Isolation was performed following the protocol used
by Costello et al. (2009), with one modification: prior
to the final elution, the spin column was incubated at
RT for 5 min with the elution buffer (C6) to increase
DNA yield. The Qiagen DNeasy procedure was per-
formed according to the Animal Tissues protocol with
the modifications outlined by Kosch & Summers
(2013). These include premixing the Buffer AL and
95% EtOH prior to addition to the sample and incu-
bating the spin column with Buffer AE for 5 min at RT
prior to the final elution.

qPCR analysis

Extraction efficiency was evaluated using qPCR by
amplifying the internal transcribed spacer (ITS)-5.8S
rRNA region (Boyle et al. 2004) on a Biorad CFX96
Real-Time System machine. Each of the 6 extraction
replicates from each extraction method was then run
in triplicate qPCR reactions following the procedures
of Boyle et al. (2004) with the following modification:
the KlearKall Master Mix was used instead of the
Taqman Universal Master Mix. For each qPCR reac-
tion plate, a set of 6 standards (i.e. 10 000, 1000, 100,
10, 1, and 0.1) and a negative control were included
in duplicate. For creating the standards, zoospores of
Bd JEL423 were cultured, harvested, and counted as
explained previously. A known quantity of zoospores
(1 × 106) was extracted using the Qiagen DNeasy
procedure explained above, and the dilutions of this
extract were made to create each of the 6 standards.

Inhibition testing

Boyle et al. (2004) suggested that the PrepMan
reagent itself can inhibit qPCR reactions. We tested
this hypothesis by performing 2 additional qPCR
reactions with exogenous internal positive controls
(IPCs) as described by Hyatt et al. (2007) for 2 of the
DNA extracts of each extraction method.

Data analysis

Bd was considered to be present in a sample if 2 of
the 3 qPCR replicates exhibited a fluorescence sig-
nal. Zoospore equivalents per sample were deter-
mined by averaging the triplicates and multiplying
the direct qPCR zoospore estimates by 20 (DNeasy,
Mobio, PrepMan-100d) or 10 (PrepMan-50d) to ac -
count for the whole extraction volume. For the Prep-

Man-50d and PrepMan-100d, zoospore equivalents
were also multiplied again by 10 to account for the
1:10 dilution. Duplicate reactions run with IPCs were
not included in the calculation of average zoospore
equivalents per sample. Both presence/absence data
and zoospore equivalent data were analyzed.

Statistical analyses were performed on the Qiagen
DNeasy, Mobio Powersoil, and PrepMan-50d and
100d. Only the 1:10 dilutions were used because
researchers typically implement this procedure dur-
ing PCR testing to reduce inhibition from environ-
mental factors. For all zoospore intensity analyses,
zoospore equivalents +1 were log transformed to
help achieve a normal distribution, which was suc-
cessful for most treatments. To test whether there
were differences between the extraction methods, 3
analyses were performed. First, to test for differences
between the extraction methods across all zoospore
levels as a whole, a 2-way ANOVA was performed
on the log-transformed zoospore equivalents. Tukey
post hoc tests were performed to determine which
extraction methods differed. Second, in order to com-
pare the extraction methods at each level independ-
ently, 1-way ANOVAs were performed on the log-
transformed zoospore equivalents at each zoospore
level, followed by Tukey post hoc tests. Third, to
determine which methods were more efficient at
detecting low levels of Bd, presence−absence data at
the level of 1 zoospore were evaluated using Fisher’s
exact tests. To assess inhibition associated with the
Prepman reagent, we evaluated the quantification
cycle (Cq) values of the VIC fluorescent marker,
which corresponds to the signal from the internal
positive control templates. The Cq values from the
qPCR controls, PrepMan extracts, and the 1:10 dilu-
tions of the PrepMan extracts were compared using a
1-way ANOVA. Cq values from each extraction
method were pooled across zoospore levels, and for
the controls, the Cq values of the standards and neg-
ative controls were pooled. All analyses were per-
formed in R ver. 3.1.1 (R Core Team 2013).

RESULTS

The estimated zoospore equivalents differed among
extraction methods (F9,79 = 23.116, p < 0.001). This
difference was driven by the Qiagen DNeasy yield-
ing significantly higher average zoospore equiva-
lents that all other methods, and both PrepMan
methods exhibiting higher average zoospore equiva-
lents than Mobio PowerSoil (Tukey, p < 0.05). All 4
extraction methods showed a positive signal for Bd at
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the 1000 and 100 zoospore level (Table 1, Fig. 1);
however, the estimated zoospore equivalents varied
between extraction methods at these levels (1000
level, F3,19 = 5.64, p = 0.006; 100 level, F3,19 = 8.35, p =
0.0008). At the 1000 zoospore level, this difference
was driven by Qiagen DNeasy and PrepMan-100d
yielding significantly higher zoospore equivalents
than Mobio PowerSoil, and at the 100 zoospore level,
this difference was driven by Qiagen showing sig -
nificantly higher zoospore equivalents than Mobio
PowerSoil and PrepMan-50d (Tukey, p < 0.05). For
the 10 zoospore level, both Qiagen DNeasy and
Mobio PowerSoil extractions showed a positive sig-
nal for Bd in all 6 extraction replicates. However, for
both PrepMan extractions (100 and 50 µl), 5 of the 6
replicates showed a positive signal for Bd (Table 1).
The estimated zoospore equivalents differed signifi-
cantly at the 10 zoospore level (ANOVA, F3,19 =
15.575, p < 0.001), which was associated with Qiagen
DNeasy estimating significantly greater zoospore

equivalents than the other methods (Tukey, p < 0.05).
For the single zoospore level, Qiagen DNeasy was
effective at consistently yielding a positive Bd signal
in 100% of the extraction replicates, Mobio Power-
Soil showed a Bd positive signal in 50%, and the
PrepMan-50d and -100d extractions showed a Bd
positive signal in 16.6% and 33.3%, respectively
(Table 1). The estimated zoospore equivalents dif-
fered significantly at the single zoospore level (F3,19 =
3.437, p = 0.03), which was associated with Qiagen
DNeasy estimating significantly greater zoospore
equivalents than Mobio PowerSoil (Tukey, p < 0.05).
Importantly, there was significantly greater detection
with Qiagen DNeasy in comparison to PrepMan-
100d at the single zoospore level (Fisher’s exact test,
p = 0.01). We acknowledge that in some cases the
estimated zoospore equivalents exceeded the ex pec -
ted value based on the zoospore level. This result
may be associated with differences in the ITS copy
number in the standards and the samples.

4

Extraction 1000 zoospores 100 zoospores 10 zoospores 1 zoospore
method DR ZE DR ZE DR ZE DR ZE

Qiagen DNeasy 6/6 14726.05 (7206.2) 6/6 267.08 (32.02) 6/6 25.83 (3.17) 6/6 4.47 (1.39)
Mobio PowerSoil 6/6 1178.10 (926.05) 6/6 39.28 (26.4) 6/6 1.42 (0.17) 3/6 0.12 (0.06)
PrepMan-100 (1:10) 6/6 3989.69 (1535.7) 6/6 63.99 (10.05) 5/6 4.22 (1.17) 1/6 0.53 (0.36)
PrepMan-50 (1:10) 6/6 5612.55 (2833.9) 6/6 50.6 (14.40) 5/6 6.78 (2.50) 2/6 0.23 (0.23)

Table 1. Detection ratio (DR = observed positives/expected positives) and estimated zoospore equivalents (ZEs) for each
extraction method over the range of zoospore quantities. ZEs have been multiplied to account for total extraction volume. 

Standard error is provided in parentheses after each ZE

Fig. 1. Average zoospore equi -
valents for each extraction me -
thod across all 4 zoospore lev-
els (all n = 6). Initial zoospore
quantities are specified in the
key. Zoospore equivalents are
presented as the estimated
zoo spore equivalents in the
entire sample extract on a loga-
rithmic scale. Letters (A and B)
signify statistically significant
differences among methods, as
indicated by the Tukey post
hoc tests associated with the
1-way ANOVAs performed at
each zoospore level. Error bars 

represent 1 SE of the mean
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No PCR inhibition was detected in any extract, and
all negative controls were negative. Importantly,
there was no significant difference in the Cq values
of the VIC fluorescent marker among the control
samples, the PrepMan extracts, and their respective
dilutions (F2,50 = 0.892, p = 0.416, Fig. 2), which indi-
cates that there is no inhibition in the samples
extracted with this method.

DISCUSSION

Our results demonstrate that extraction efficiency
varied among methods and that Qiagen DNeasy was
the most efficient method for the detection of the
amphibian pathogen Bd as it was able to detect all
zoospore levels from 1000 to a single zoospore. In
addition, it always exhibited the highest estimated
zoospore equivalents, and in some cases estimated
an order of magnitude more zoospore equivalents
than the other methods, demonstrating it was able to
recover the greatest amounts of the existing DNA.
While Qiagen DNeasy clearly exhibited the highest
efficiency in comparison to Mobio PowerSoil and
PrepMan, the comparison of efficiency between Mo -
bio PowerSoil and PrepMan depended on the me tric
of analysis. In terms of zoospore intensity, Mobio
PowerSoil generally yielded lower zoospore equiva-
lents in comparison to PrepMan. However, in terms

of detecting the presence of Bd, Mobio PowerSoil
performed better than PrepMan. At the single zoo-
spore level, Mobio PowerSoil failed to detect Bd 50%
of the time whereas the PrepMan-50d and PrepMan-
100d extractions failed to detect Bd 83.3% and
66.7% of the time, respectively. In addition, at the
10 zoospore level, Mobio detected Bd all the time
while both PrepMan extractions were unable to de -
tect Bd 17% of the time. The observed differences in
extraction efficiency may be associated with the dif-
ferent mechanisms of extraction of these methods.
Qiagen uses only chemical lysis, while Mobio Power-
soil and the PrepMan + Zirconium methods use
mechanical and chemical lysis steps.

Our results parallel those observed in other studies.
In a recent study related to DNA extraction from
human fecal samples, PowerSoil exhibited one of the
lowest amounts of DNA recovered (Claassen et al.
2013). Mobio PowerSoil is specially designed to
remove inhibitors in the environment, such as humic
acid, and has 3 precipitation and 5 spin column steps
to clean and purify the DNA. These steps can also
lead to DNA loss, which could explain the lower
DNA recovery observed. Similarly, in a study evalu-
ating pathogenic bacterial detection, PrepMan ex -
traction exhibited one of the lowest DNA recoveries
(Brewster & Paoli 2013).

High extraction efficiency is crucial for accurately
diagnosing the presence of Bd as well as other patho-
gens that use similar methods for detection. This is
especially true when prevalence and infection inten-
sity are expected to be low. For example, when mon-
itoring Bd-naïve areas, such as Papua New Guinea
and regions of Madagascar, for the arrival of the
pathogen (Dahl et al. 2012, Vredenburg et al. 2012,
Weldon et al. 2013), it is imperative to be able to
detect low-intensity infections in order to detect Bd at
its earliest arrival so proactive actions in response to
the presence of Bd can be implemented promptly.
High efficiency is also important in other situations
where pathogen prevalence and intensity are ex -
pected to be low, such as enzootic situations where
Bd may be out of its temperature optimum or with
resistant species (Rothermel et al. 2008, Rebollar et
al. 2014). Additionally, in order to accurately monitor
disease dynamics, such as seasonal fluctuations, it is
important to accurately measure prevalence and
infection intensity. Swabbing has been shown to
underestimate infection intensity compared to a bath
water filtration method (Shin et al. 2014). Thus, if
swabbing is used, it becomes important not to fur -
ther underestimate infection intensity by using a less
sensitive extraction protocol. PrepMan Ultra + Zirco-
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nium, recommended by Boyle et al. (2004) and the
method of choice for many researchers, was one of
the least efficient of the tested methods. Therefore, in
previous Bd surveys that used PrepMan extraction
methods, prevalence and infection intensity may
have been underestimated, which could have conse-
quences for accurately understanding Bd dynamics
or detecting Bd earlier in its emergence.

All extraction methods yielded a positive Bd signal
when the zoospore amount was fairly high (i.e. at the
100 and 1000 zoospore quantities). Therefore, in situ-
ations where infection intensity is expected to be
high, any extraction method could be used for detect-
ing Bd presence. However, our results show that dif-
ferent extraction efficiencies of these methods can
lead to different estimated zoospore equivalents from
the same original zoospore concentration. For exam-
ple, estimated zoospore equivalents based on Qiagen
DNeasy extractions were at times an order of magni-
tude higher compared to Mobio PowerSoil extrac-
tions. In light of these findings, it is important to take
into consideration the extraction method when com-
paring across studies, and when extraction methods
differ, conclusions should be drawn with caution.
Other factors, such as the Bd strain used as the refer-
ence strain (Longo et al. 2013) and storage methods
(Hyatt et al. 2007), can also affect infection intensity
estimates, and therefore need to be considered when
comparing across studies. Additionally, to reduce over-
or underestimation of zoospore values, it will be
important to use the same extraction method for the
standards and the samples obtained from the field.
To understand natural fluctuations in infection inten-
sities in field and experimental settings, it appears
that Qiagen DNeasy will provide the most accurate
infection intensity values due to its superior extrac-
tion efficiency.

Importantly, for some extraction methods at the 10
and single zoospore concentration, the calculated
zoospore equivalents estimated from the qPCR reac-
tion were <1 (Table 1). This result demonstrates the
importance of considering values <1 to be true posi-
tives. Many previous studies have disregarded such
values as true positives (e.g. Kriger & Hero 2007,
Kriger et al. 2007, Kilburn et al. 2010, Woodhams et al.
2012a, 2014). Considering these values as true posi-
tives will reduce the risk of false negatives. It will be
important when considering signals <1 to look also at
consistency of the signal in order to minimize false
positives. In the collected data, all observed low sig-
nals were consistent (i.e. 2 of the 3 replicates showed
a fluorescence signal). If a weak signal occurs in only
1 replicate of the qPCR reaction, then it may be a false

positive. To balance the risks of false negatives and
false positives, consistent, low signals (i.e. estimates
<1) should be considered a true positive and will en-
able the most accurate diagnosis of infection status.

Boyle et al. (2004) suggested that high concentra-
tions of PrepMan Ultra reagent are inhibitory in
downstream qPCR reactions; however, our results
showed no inhibition in both the ‘full strength’ or
diluted PrepMan extracts. Perhaps this was due to
the use of a different Taq enzyme in the master
mix for the qPCR reaction. In light of this finding, it
may be possible to use undiluted PrepMan extracts,
which would maintain higher levels of DNA for down -
stream reactions. PrepMan Ultra employs no DNA
clean-up steps, so it is possible that inhibition of
qPCR could still result from environmental contami-
nants in field-collected samples using this technique.
If there is inhibition as a result of the field sample,
methods such as the use of BSA could be employed to
reduce inhibition for qPCR (Kosch & Summers 2013).
Such a method would eliminate the need to dilute the
DNA extract.

It is important to consider the cost of sampling pro-
cessing when deciding on extraction method. Prep-
Man, Qiagen DNeasy, and Mobio PowerSoil cost US
$0.26, $2.66, and $4.94 per sample, respectively, at
the time of this study. While PrepMan has the lowest
cost, it lacks extraction efficiency for low levels of
DNA. Mobio PowerSoil is the most expensive and
has lower extraction efficiency. Qiagen DNeasy is
intermediate in cost and has the greatest efficiency.
Similarly, Qiagen DNeasy was recommended as the
ideal method for removing PCR inhibitors, and there-
fore has the optimal balance of removing inhibitors
(Kosch & Summers 2013), high extraction efficiency,
and cost effectiveness.

CONCLUSIONS

We conclude that Qiagen DNeasy is the most effi-
cient of the 3 extraction methods tested since low lev-
els of Bd could be detected reliably only with this
method. This is important when Bd is emerging in
naïve areas or in other situations when its presence
is expected to be rare. These findings demonstrate
the importance of having high extraction efficiency
in order to diagnose disease early and be able to
effectively respond to any emerging disease threat.
This principle extends beyond the detection of the
amphibian chytrid fungus and will be important to
consider when monitoring other wildlife and human
pathogens.
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